The atomic and electronic properties of the O-deficient MgO͑001͒ surface and effects of Au adsorption ͑0.25 monolayer͒ are investigated using the full potential linearized augmented plane wave method. The calculated formation energy of a surface ͑bulk͒ O vacancy on MgO͑001͒ is 9.5 eV ͑10.0 eV͒. The vacancy induces gap states in a range of 1.8 -3.3 eV above the valence band, which is expected to strongly alter the chemical properties of MgO͑001͒. Through total energy and atomic force calculations, the adsorption of Au on the ideal MgO͑001͒ surface is found to be very weak with a Au-O bond length (d Au-O ) of 2.16 Å and an adsorption energy (E ad ) of Ϫ0.13 eV/adatom. On the defective MgO͑001͒ surface, Au adatoms prefer the vacancy sites with a strongly enhanced adsorption energy of Ϫ1.93 eV/adatom. The core state energies of Au 4 f 7/2 are very sensitive to the change of environment.
I. INTRODUCTION
Metal oxides have been widely used in catalysis, electrochemistry, optical fibers, and sensors 1, 2 and are of great technological importance. It has been reported that the chemical reactivities of many oxide surfaces ͑e.g., TiO 2 , SiO 2 , MgO, etc.͒ are closely connected to the presence of surface oxygen vacancies. [1] [2] [3] [4] [5] Experimental evidences and model calculations pointed that surface defects ͑or color centers for O defects͒ strongly enhance their surface reactivities toward molecules as CO, O 2 , or H 2 , 5 and promote water dissociation. 6 At an oxide surface, oxygen vacancies are labeled as F s , F s ϩ , and F s 2ϩ , depending on removal of a neutral O atom, an O Ϫ , or an O 2Ϫ anion, respectively. Theoretically, the energetics and electronic characteristics of a single oxygen vacancy on MgO͑001͒ were studied by using semiempirical, 7 ab initio Hartree-Fock, 5, 8, 9 and density-functional ͑DFT͒ ͑Refs. 10,11͒ approaches. It was found that a neutral defect ͑F͒ is much more stable than ionic defects (F ϩ or F 2ϩ ), and each type of defect is more stable at the surface than in the bulk. 5, 9, 12 Optical spectra of MgO surface F s centers have been measured on polycrystalline materials, 13 on single crystals, 14 and ultrathin MgO films. 15 Optical measurements on fine powder samples of MgO using diffuse reflectance technique showed a feature at 2.05 eV associated to F s centers. 13 A peak at 2.3 eV has been observed by Heinrich et al. 14 on a MgO single crystal using the electron energy loss spectroscopy ͑EELS͒, which was tentatively assigned to surface F s centers. Underhill and Gallon, 16 however, argued that the loss is due to a surface V center ͑a cation vacancy with a hole trapped on an adjacent oxygen ion͒. High resolution EELS on a thin MgO͑100͒ film by Wu, Truong, and Goodman 15 found multiple loss features at 1.15, 3.58, and 5.33 eV assigned to the surface F centers, F aggregates, and F/F ϩ centers, respectively. Very recently, a new feature located ϳ2 eV above the top of valence band, presumably due to the F centers and aggregates, was found for the MgO͑001͒ thin film by Kolmakov, Stultz, and Goodman 17 using metastable impact electron spectroscopy ͑MIES͒.
Theoretical studies 18, 19, 5, 20, 10 predicted that surface O defects on MgO surfaces, e.g., F ϩ and F centers, manifest themselves in ultraviolet photoelectron spectroscopy ͑UPS͒ spectra as deep occupied levels in the band gap approximately 2 eV above the O-2p valence band. Cluster calculations given by Sushko et al. 21 suggested that the energy of the F s center is about 3 eV above the top of the valence band. Clearly, the assignments of the surface features are still under debate.
Among theoretical studies, discrepancies also exist for lattice relaxation around the O vacancy on MgO͑001͒ surface. Most of previous studies 8, 10, 22, 9 showed that the presence of O vacancies does not cause much relaxation. The Mg ions around the O vacancy move away from the center of vacancy. But two previous theoretical works gave an opposite direction of Mg relaxation ͑towards the O vacancy͒. 23, 24 Metal clusters supported by oxide surfaces become a very important topic in the recent years owing to their technological importance in catalysis, crystal growth, and gas sensor operations. It has been demonstrated that highly dispersed Au on metal oxide supports such as TiO 2 exhibits an extraordinary high activity for low-temperature catalytic combustion and reduction of nitrogen oxides. [25] [26] [27] [28] Our recent theoretical studies 29 on adsorption of Au on TiO 2 (110) showed that the Au-substrate interaction really leads to an enhancement in the chemical reactivity of Au/TiO 2 (110) compared to the Au͑001͒ clean surfaces. As known, metal clusters or films grow initially from defect sites on substrates. [30] [31] [32] [33] [34] The role of surface vacancies on MgO͑001͒ in adhesion of metal atoms ͑Cu, Ag, Ni, Pd, Rb, Pt͒ has also been studied using various DFT approaches with either cluster 35, 36 or periodic geometries. 23 It is found that 36, 23 adsorption energies for these elements are much stronger on the F s site compared with those on the regular O 2Ϫ site at the perfect MgO͑001͒ surface. Experimentally, 37 vacancy defects were found to be associated with the surfaces of Au nanoparticles embedded in MgO, indicating that Au atoms intend to attach to the defect sites.
So far, electronic structures of defected oxide surfaces, and the interaction mechanism of metal atoms and defected oxide surfaces are far from well understood. Questions needing further investigation include: ͑1͒ the atomic relaxation around the oxygen vacancy with and without metal adsorbates, ͑2͒ the role of color centers in the interaction and catalytic activity of metal adatoms, and ͑3͒ the nature of the vacancy induced gap states and how might these be probed experimentally. Here the adsorption of Au on the MgO͑001͒ surface was studied using the highly precise full potential linearized augmented plane wave ͑FLAPW͒ method. The effect of a F s center on the electronic and chemical properties of the clean and Au-adsorbed MgO͑001͒ surfaces is analyzed. It is found that the O-vacancy induces gap states in a range of 1.8 -3.3 eV above the top of the valence band, which makes the defective MgO͑001͒ surface more active compared to the perfect surface. Also the adsorption energy of Au is enhanced significantly on the surface O vacancies. While the energy positions of the gap states are close in energy for bulk and surface defects, the calculated electronic energy loss spectra ͑EELS͒ differ noticeably for the two cases.
The computational details are presented in Sec. II. The calculated results and discussions are shown in Sec. III and a brief summary is given in Sec. IV.
II. COMPUTATIONAL DETAILS
The film version of all electron full-potential-linearized augmented-plane-wave ͑FLAPW͒ method 38 is used in the present studies. In the FLAPW method, no shape approximation is assumed for charge, potential and wave functions. The core electrons are treated fully relativistically while the valence electrons are treated semirelativistically ͑only the spinorbit coupling term is excluded͒. The formalisms of Hedin and Lundqvist ͑LDA͒ ͑Ref. 39͒ and Perdew et al. ͑PBE-GGA͒ ͑Ref. 40͒ are adopted to describe the exchangecorrelation interactions. In the muffin-tin region, spherical harmonics with a maximum angular momentum of 8 are used to expand the charge, potential, and wave functions. In the interstitial region, plane waves with energy cutoffs of 324 Ry ͑for the charge and potential͒ and 18 Ry ͑for the variational bases͒ are employed.
Test calculations for bulk MgO and TiO 2 show that the generalized gradient approximation ͑GGA͒ ͑Ref. 40͒ overestimates the lattice parameters by about 2 -3 %. By contrast, results of lattice sizes and bulk moduli obtained through the local density approximation ͑LDA͒ agree well with experiment. Furthermore, LDA is also known to describe Au lattice better than does GGA. LDA is hence used here to determine the equilibrium structures. On the other hand, binding energies obtained through GGA calculations usually agree better with experiments than those obtained through LDA. So we also determine the total energies and energy differences ͓i.e., the formation energy of oxygen vacancy, and the adsorption energy of Au atom on MgO͑001͔͒ through self-consistent GGA calculations with the LDA atomic structures.
The MgO͑001͒ substrate is modeled by a five-layer MgO͑001͒ slab with a p(2ϫ2) surface unit cell as sketched in Fig. 1 , which contains 4 MgO units per layer. A surface vacancy is simulated by removing a neutral oxygen atom from each surface layer in the unit cell. The Au adatoms are placed on both sides of the slab to model the Au/MgO systems, with a coverage of 0.25 monolayer ͑ML, here, 1 ML means one adatom per MgO unit on surface͒. The equilibrium atomic structures are determined through LDA total energies and atomic forces, 41 with a criterion that requires the force on each atom to be smaller than 2ϫ10
Ϫ3 Hartree/ a.u. 6 special k points in the two-dimensional ͑2D͒ irreducible Brillouin Zone ͑IBZ͒ are used to evaluate integrals in the reciprocal space. For such a large 2D cell, we found that even three special k points in the IBZ gave good convergencies for the atomic structures and total energies. For example, the total energy changes by less than 0.005 eV on increasing the number of k points from 3 to 6 in all structures studied in the present paper.
III. RESULTS AND DISCUSSION

A. The atomic structure and energetic properties
The in-plane dimension of the unit cell is fixed according to the experimental lattice constant of MgO (aϭ4.211 Å), a value that is also very close to the equilibrium lattice constant optimized for the bulk MgO through LDA calculations (aϭ4.18 Å). The schematic atomic arrangements on the surface layer (S), subsurface layer (S-1), and center layer ͑C͒ are shown in Fig. 1 . O͑9͒ was removed to simulate the O vacancy on surface. The p(2ϫ2) lateral cell used here provides a good compromise between the minimization vacancy-vacancy interaction and computational demand. For Au adsorption, two sites "above surface oxygen ͓O͑12͔͒ and vacant… are tested. The atomic relaxation with respect to their ideal positions in the bulk-terminated surface is given in Table I . The vacancy formation energy and Au adsorption energies are shown in Table II.
Clean perfect MgO(001) surface
As found experimentally and also in most previous calculations, 42 
Adsorption of Au on perfect MgO(001)
Theoretically, it has been shown that the most preferred adsorption site for metal adatoms on the MgO͑001͒ surface is the atop site above the surface anion. 44 -48 According to the results of our test calculation, the adsorption of 1 ML Au on the MgO͑001͒ clean surface also follows this trend. 49 So, only the results of the atop adsorption on the surface anion are presented here for the 0.25 ML adsorption case.
A Au atom adsorbed on the atop site of O͑12͒ on the relaxed perfect MgO͑001͒ surface causes the O ions to move inward along the surface normal by 0.058, 0.032, 0.037 Å for O͑12͒, O͑11͒, and O͑9͒, respectively ͑relative to the ion positions on the relaxed clean surface͒. By contrast, the surface Mg ions are moved outward along the surface normal by about 0.078 Å , with a lateral shift of 0.024 Å away from the adsorption site along the diagonal in the surface unit cell. The Mg ion ͓Mg͑8͔͒ in the subsurface layer under the adatom moves inwards along the surface normal by 0.048 Å. All these shifts are less than 1.9% of the lattice constant, indicating the weakness of the Au/MgO͑001͒ bonding.
By referring to the data given in Table II , we found that, in all the cases, LDA gives larger energies than does GGA, but the qualitative trend given by the two approximations are the same. For the adsorption of Au on perfect MgO͑001͒, the Au-O bond length (r Au-O ) is 2.16 Å and the adsorption energy (E ad ) is Ϫ0.13 eV/adatom with GGA and Ϫ0.89 eV/adatom with LDA. Here E ad is defined as E ad ϭ 1 2 (E 2Au/MgO ϪE MgO Ϫ2E Au ), where E 2Au/MgO , E MgO , E Au are total energies for adsorbed system, clean surface, and free Au atom, respectively. The free Au atom is simulated by a two-dimensional square lattice of Au atoms with a large lattice constant (6 Å) . Larger values of E ad were obtained by Yudanov et al. 45 (E ad ϭϪ0.23 eV/adatom, r Au-O ϭ2.47 Å) for Au/MgO͑001͒ using the linear combination of Gaussian orbitals density function ͑LCGO-DF͒ method based on a two-layer cluster model and the post hoc procedure ͑i.e., obtain the total energy with the GGA formula but with the LDA charge density͒. Our calculated E ad for 1 ML Au is Ϫ1.91 eV/adatom with GGA and Ϫ2.88 eV/adatom with LDA ͑using the same free Au atom as a reference͒. 49 Therefore, the adsorption energy enhances rapidly with the increase of Au coverage due to the lateral Au-Au interaction, rather than the Au/MgO interaction. Indeed, the adsorption energy for 1 ML Au on the perfect MgO͑001͒ is extremely small ͑almost zero with GGA, 0.12 eV/adatom with LDA͒ if a free standing Au monolayer ͑in-stead of the free Au atom͒ is used as the reference system. Accordingly, the Au-O bond length also stretches to 2.62 Å in 1 ML/MgO͑001͒.
O-deficient surface
The most common defect on MgO surfaces is the anionic vacancy, namely, the color centers. As stated above, the most Our calculations show that the formation energy ͑with respect to the spin-polarized total energy of an oxygen atom͒ of a surface O vacancy is 9.5 eV with GGA and 10.6 eV with LDA. These values are lower than the formation energies of an O vacancy at the film center by 0.5 and 0.6 eV with GGA and LDA, respectively, indicating that an O vacancy is more stable at the surface than in the bulk. Quantitatively, previous theoretical calculations gave close results for the formation energy of a surface O vacancy with either embedded cluster method 21 ͑9.07 eV͒ or periodic DFT calculations ͓9.02, 50 9.35, 9 9.6, 23 10.2 eV ͑Ref. 12͔͒. The presence of a surface O vacancy does not cause much relaxation even for atoms in the surface plane. The anions of the surface layer ͓O͑11͔͒ displace towards the bulk slightly more than cations ͑0.038 vs 0.011 Å). The surface rumpling is merely 0.6% of the lattice constant. The surface Mg ions around the O vacancy move by 0.024 Å away from the center of vacancy along the diagonal direction in the lateral plane, while the Mg ion beneath the vacancy ͓Mg͑5͔͒ also moves away from the vacancy along the surface normal by 0.045 Å. These data confirm most of previous studies. 8, 10, 22, 9 But two previous theoretical works gave opposite directions of Mg relaxation ͑towards the O vacancy͒ by 0.07 Å ͑Ref. 23͒ or 0.32 Å. catalytic properties of the nucleated metal cluster is not known and will be the subject of future work.
A recent theoretical study using the embedded cluster model also found enhancement of the adsorption energies for other transition metal adsorbates on the O-deficient MgO͑001͒ surface. 36 Our results account for the experimental observation 37 regarding the association of vacancy clusters and Au nanoparticles in a MgO matrix. Calculations with Au dimers and trimers with larger 2D unit cell are underway to acquire more direct and quantitative information regarding metal-oxide interactions.
B. The electronic structure and bonding mechanisms
The layer-projected density of states ͑LP-DOS, obtained from the summation of the DOS on the same atomic layer͒ for the relaxed perfected MgO͑001͒ surface ͓MgO( p)͔ is shown in Fig. 2 . The DOS's here and below are calculated with the LDA. The gaps for the center ͑C͒ layer and surface ͑S͒ layer are 5.7 and 3.7 eV, respectively. The gap for the center layer is the same as that obtained for the bulk MgO, indicating that the slab thickness used is sufficient. 49 These values are smaller than the measured gaps for the bulk MgO ͓7.8 eV ͑Refs. 51-53͔͒ and for the MgO͑001͒ surface ͓7.3 eV, 51 6.3 eV ͑Refs. 52,53͔͒ because of the known deficiency of LDA/GGA in this aspect. Compared to the center layer, the band width for the surface layer is slightly narrowed, but no surface gap state is found for the perfect MgO͑001͒ surface. The LP-DOS for Au adsorption on a perfect MgO͑001͒ surface is shown in Fig. 3 DOS for the center layer in the two systems͒. The local DOS of the adsorbed Au is also shown in panel S ͑dotted line͒. It is found that the adsorption of Au does not appreciably affect the DOS of the center ͑C͒ and even the sub-surface layer (S-1). The DOS for the surface layer (S), by contrast, is obviously affected by the adsorption. A feature corresponding to metal induced gap states ͑MIGS͒ appeared in the gap near the Fermi level, which is composed mainly of Au-5d6s and O-2p states. This feature damps rapidly in the interior region away from the surface, showing that the gap states are strongly localized. The Au d band extends ͑with a small amplitude͒ quite deep into the lower energy region due to the wave function tails from the substrate. The band of the surface MgO layer is also broadened compared to that of the clean surface. The MgO valence band in Au/MgO͑001͒ is shifted down by 1.62 eV relative to that of the MgO͑p͒ since the E f is pinned by the Au induced states.
The LP-DOS for the O-deficient surface ͓MgO(v)͔ is shown in Fig. 4. A new feature appears directly below the Fermi level compared to Fig. 2 , which are obviously induced by the presence of the O vacancy. Figure 5 shows the charge density of these states ͑integrated in an energy range between Ϫ2.0 and 0.0 eV͒. Clearly, they are from the excessive Mg-2s electrons left by the removal of the O atom and are strongly localized in the vacancy area. From the profile of contours, one can also assign these states to the bonds of Mg-2s states formed in the vacancy area. The calculated energy position of these vacancy states ͑1.8 -3.3 eV above the valence band͒ agrees with experimental results (ϳ2 eV) ͑Refs. 13,14,17͒ and also with the earlier theoretical results. 18, 19, 5, 20, 10, 21 The LP-DOS for the O-deficient MgO͑001͒ film with an O-vacancy created at the film center ͓MgO͑c͔͒ is also shown in Fig. 4 ͑dotted lines͒. As was also found in experiment, 15 the energy position ͑about 1.8 -3.3 eV above valence band͒ of the vacancy states are very close to the case when the vacancy is created on the surface. That the bulk and surface vacancy states are very close in energy is consistent with recent metastable impact electron spectroscopy ͑MIES͒ data 17 and previous electron energy loss ͑EELS͒ data 15 that place the bulk and surface vacancy site energies very near one another. Within experimental error MIES and EELS cannot resolve the surface and bulk defect sites.
There is a question if it is possible to identify the location of the vacancies with experiment. To this end, the macroscopic dielectric function M (q ;) ͑Refs. 55-58͒ and the electron energy loss spectroscopy for both cases are pre- sented in Fig. 6 ͑for qϭ0) . Previous studies 58, 55 proved the reliability of M () and EELS results determined through FLAPW approach. Here, the spectra for the perfect and defected MgO͑001͒ surfaces ͑with either surface or bulk vacancies͒ coincide with each other for បϾ6 eV. Significant deviation, however, appears in a range of 1.0 eVϽប Ͻ4.0 eV in the spectra where transitions from the vacancy induced gap states play a dominant role. Clearly, it is still somewhat possible to resolve the location of the vacancy via the optical spectra, even though the energy position of the gap states for bulk and surface defects appear to be close.
To investigate the bonding mechanism, the charge density of Au/MgO(p) and charge density differences are plotted in Figs. 7͑a͒ and 7͑b͒ , respectively. Atoms numbered in panel ͑a͒ correspond to those in Fig. 1 . The charge density difference is obtained by subtracting the superposition of the charge densities of a bare surface and an adsorbate monolayer ͑free standing͒ from the charge density of the surface with the adsorbate. Figure 7͑a͒ shows that the Au adatoms are well separated from each other, which indicates that the direct Au-Au interaction is weak in such a low coverage. The charge density difference in Fig. 7͑b͒ shows that charge distribution in the surface layer of MgO is considerably perturbed by Au, while it remains intact in the interior region. Electrons deplete from both the adsorbed Au and O͑12͒ sites and accumulate in the intermediate region in the adlayer. Weak polarization is also induced above O͑9͒. Figure 7͑c͒ shows the charge density from states in a narrow energy window of Ϯ0.25 eV (E F ϭ0 eV). The node between Au and O sites clearly indicates an antibonding feature of these states.
The charge densities for the Au/MgO(v) systems are shown in Fig. 8 . For the clean MgO͑v͒ surface ͓with the same atomic structure as in Au/MgO(v)͔, electrons distribute around the vacancy and extend into the vacuum ͓Fig. 8͑a͔͒, owing to the nature of the vacancy states shown in Fig.  5 . The charge density difference in Fig. 8͑c͒ shows that electrons deplete from both the vacancy and Au sites to form bonds between Au and the neighboring magnesium atoms. As indicated in Fig. 5 , the gap states ͑contributed from the Mg-s electrons͒ have a large overlap with the Au-sd wave functions and, in addition, they are close in energy ͑near E f ). This results in a strong interaction/hybridization between the Au adatom and the defected MgO͑001͒ surface. Similar to Au/MgO(p), Au also induces a weak charge polarization around the second neighbor O͑12͒ atoms.
C. Core level shifts
The large charge redistribution shown in Figs. 7 and 8 will also alter the core energy levels, through changing ͑1͒ the on-site screening effects ͑due to valence charge transfer͒ and ͑2͒ average potential at a given atomic site with respect to the environment ͑due to either charge transfer or polarization͒. Calculated results of initial state core level shifts can provide another means for experimentalists to verify theoretical predictions.
The energies of core state ͑Au 4 f 7/2 ) with respect to the Fermi level and the core level shifts, which were defined as the difference between the core levels of the adsorbed Au atoms and that of the clean Au͑001͒ surface, for a Au atom on perfect and O-deficient MgO͑001͒ surfaces are shown in Table III . Obviously, the core level energies of Au 4 f 7/2 are very sensitive to the environment. On the perfect MgO͑001͒ surface, the Au 4 f 7/2 level is predicted to be destabilized ͑lower in binding energy͒ by 0.68 eV. A similar result ͑de-stabilization͒ was also found in our earlier studies for the adsorption Au on the TiO 2 (110) surface. 29 Recent x-ray photoelectron spectroscopy ͑XPS͒ results for Au clusters on MgO and TiO 2 reveal core-level shifts that are markedly less positive in going from large to small Au clusters compared to similar data for Au clusters supported on silica or alumina. A significant negative initial-state contribution as predicted here for Au on MgO and TiO 2 is consistent with the significantly diminished overall core-level shift found experimentally in going from large to small clusters for Au/MgO and Au/TiO 2 . 54 On the defective MgO͑001͒ surface, the Au 4 f 7/2 levels are destabilized by 1.59 eV and stabilized by 1.79 eV for Au on atop O and on vacancy, respectively. Such a strong sensitivity can certainly be used to identify adsorption sites and growth mode of Au/MgO͑001͒ with XPS.
IV. SUMMARY
The atomic structures and electronic properties of ideal and O-deficient MgO͑001͒ surfaces with and without presence of a 0.25 ML Au adlayer are investigated using the full potential linearized augmented plane wave ͑FLAPW͒ method. The calculated formation energy of a surface ͑bulk͒ O vacancy is 9.5 eV ͑10.0 eV͒. O-vacancy induces some gap states in 1.8 -3.3 eV above the MgO valence band, which is expected to enhance the activity of the MgO͑001͒ surface. The adsorption of Au on an ideal MgO͑001͒ surface is very weak with a Au-O bond length of 2.16 Å and an adsorption energy of Ϫ0.13 eV/atom. The Au adatoms on the defected MgO͑001͒, however, have an adsorption energy of Ϫ1.93 eV/atom. The core state energies of Au 4 f 7/2 are very sensitive to environmental changes. 
